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EvolutionThe current picture of embryonic development in nematodes is essentially shaped by Caenorhabditis elegans
and its close relatives. As their pattern of embryogenesis is rather similar, it is often considered to be
representative for the taxon Nematoda as a whole. Here we give for the ﬁrst time a comprehensive
description of embryonic development in an ancestrally diverged nematode. Romanomermis culicivorax
differs strikingly from C. elegans with respect to cell division pattern, spatial arrangement of blastomeres and
tissue formation. Our study reveals a number of unexpected phenomena. These include (i) unique polar
interphase microtubule caps forming in early blastomeres destined to undergo asymmetric cleavages,
suggesting the presence of a so far undescribed MTOC; (ii) embryonic cell lineages of reduced complexity
with predominantly monoclonal sublineages, generating just a single tissue type; (iii) construction of major
parts of the body from duplicating building blocks consisting of rings of cells, a pattern showing some
resemblance to segmentation; (iv) prominent differences in cell fate assignment which can be best explained
with a global shift affecting all somatic founder cells. In summary, our data indicate that during nematode
evolution massive alterations in the developmental program took place of how to generate a juvenile.© 2009 Elsevier Inc. All rights reserved.IntroductionDue to their ubiquitous occurrence, transparent eggs and devel-
opment outside the mother, nematodes are favorable candidates for a
comparative study of embryonic processes. Our conception of
nematode development is mainly shaped by the classic studies on
Ascaris (clade 8, Fig. 1), (zur Strassen, 1896; Boveri, 1899; 1910;
Müller, 1903;) and more recently on Caenorhabditis elegans (clade 9,
Fig. 1), (Sulston et al., 1983); for reviews, see wormbook.org. As these
classic models are similar in many respects — the sequence of
cleavages, establishment of cell polarity, cell lineage trees, eutely
(invariant cell numbers) and gastrulation, the implicit assumption has
been that their pattern is representative for the whole taxon.
However, generalizing from a few selected model systems can be
misleading (Bolker, 1995) and prevents the comprehension that
within a phylum extensive developmental variations may exist as
reﬂections of distinct evolutionary histories.
To better understand evolution of nematode development the
identiﬁcation of plesiomorphic and apomorphic characters is
required, as has been done with great success on the morphological
(and recently also on the molecular) level. For such an approach a
sufﬁcient number of representatives need to be studied and their
pattern projected on a solidly established phylogenetic tree (Fig. 1);ersität Köln, Kerpener Str. 15,
ierenberg).
l rights reserved.(De Ley and Blaxter, 2002; Holterman et al., 2006; Meldal et al., 2007).
Extensive comparative studies of early embryogenesis in Chroma-
dorea (clades 3–12, Fig. 1) revealed besides speciﬁc variations many
similarities to Ascaris and C. elegans (Skiba and Schierenberg, 1992;
Malakhov,1994;Wiegner and Schierenberg,1998,1999; Dolinski et al.,
2001; Houthoofd et al., 2003, 2006, 2008; Lahl et al., 2003; 2009;
Vangestel et al., 2008; Zhao et al., 2008).
However, there are few studies addressing embryogenesis of
Enoplea (clades 1–2, Fig. 1) which are considered to be close to the
phylogenetic roots of nematodes (Blaxter et al., 1998; Aleshin et al.,
1998). Compared to Chromadorea they show prominent differences
(Malakhov, 1994; Voronov and Panchin, 1998; Voronov, 1999;
Borgonie et al., 2000; Schulze and Schierenberg, 2008). For instance,
the gut is (or at least can be) derived from the ﬁrst somatic founder
cell S1 rather than from the second founder cell S2 (for nomenclature,
see Materials and methods). In clade 1 neither asymmetric cleavages,
nor distinct cell lineages or a germline were observed during early
cleavages (Malakhov, 1994). Invagination of alimentary tract pre-
cursors in Tobriluswith its prominent blastocoel (Schierenberg, 2005)
resembles more gastrulation in the sea urchin, for instance, than in C.
elegans. We here use the expression “ancestrally diverged nematodes”
as a synonym for Enoplea, while Chromadorea are “more recently
diverged nematodes”.
We have chosen Romanomermis culicivorax as our object of study
(Schulze and Schierenberg, 2008) as so far it is the only member of
Enoplea that can be cultured relatively easily in large numbers in the
laboratory (Petersen and Willis, 1972, Petersen, 1985; Platzer, 1981).
Fig. 1. Phylogenetic tree of nematodes with twelve clades (1–12) and one unresolved branch (+), based on SSU rDNA sequences (after Holterman et al., 2006). Taxonomic
nomenclature after De Ley and Blaxter (2002) and Malakhov (1994). Afﬁliations of representatives quoted in this paper are shown.
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6 days from zygote to L1 larva at 22 °C), than any other Enopleawe are
aware of, permitting detailed lineage studies with the help of 4-D
microscopy. This allows for the ﬁrst time an in-depth comparison of
embryogenesis between the standard C. elegans and a representative
of ancestrally diverged nematodes. A brief description of embryogen-
esis in another mermithid nematode, Gastromermis sp. was given by
Malakhov and Spiridonov (1981). This partly corresponds with our
observations.
In applied science Romanomermis species are tested as biological
control agents to ﬁght insect-borne pests like malaria and dengue
fever (Platzer, 1981; Petersen, 1985; Perez Pacheco et al., 2005).
Materials and methods
Nematode strains and culture
R. culicivorax (Petersen et al., 1978), Romanomermis iyengari and
Strelkovimermis spiculatus (Poinar and Camino, 1986) were kindly
provided by Dr. Edward Platzer, University of California, Riverside. R.
culicivorax was cultured either with Culex (see references above) or
Aedes as insect host (Schulze and Schierenberg, 2008). Embryos of
R. culicivorax generally develop inside the eggshell to the L2 stage,
where they arrest. Hatching can be induced by osmotic shock (Perez-
Pacheco et al., 2004).
Cell nomenclature
The projection of the C. elegans cell nomenclature onto R.
culicivorax may lead to confusion because cell names imply lineage-
speciﬁc differentiation programs. As we found considerable differ-
ences in this respect between the two species a neutral cell
nomenclature is used here as originally introduced by Boveri (1899).
This way we separate lineage names S1–S4 (somatic founder cells)
and P1–P4 (propagation cells; germline) from fate designations (AB,
MS, E, C, D). In C. elegans but not in R. culicivorax S1=AB, S2=EMS,
S3=C, S4=D.Microscopy
Development was studied with Nomarski differential interference
contrast optics using a 100× objective. For cell lineage studies 1-cell
stage embryos were collected from culture dishes with a drawn-out
pasteur pipette. Specimens were mounted on slides carrying a thin 3%
agarose layer as a mechanical cushion. The coverslip was sealed with
melted petroleum jelly. Embryos were recorded at 23+/−1 °C) with
a 4-Dmicroscope essentially as described in Schulze and Schierenberg
(2008). 3-D tracing of cell behavior was software-supported (Biocell,
Simi, Unterschleissheim, Germany). Laser scan microscopy was done
with a Zeiss Axiovert 100 M microscope coupled to an LSM 510 Meta
laser unit (Zeiss, Oberkochen, Germany).
Nuclear counts were performed in ﬁxed and DAPI-stained
specimens. Lineage studies are based on three recordings each
from the ventral and dorsal side. Only embryos developing to
normal-looking juveniles were considered. Cell lineages were
analyzed (some only in part due to limited transparency or
unfavorable positions at the periphery) to the beginning of the
“morphogenesis” stage when a ventral indentation forms separating
head from tail region and a rotation into a lateral view takes place.
Programmed cell deaths were only studied in descendants of S1a
and S1pa.
Laser micromanipulation
For irradiation an N2-pumped laser microbeam (Photonic Instru-
ments, St. Charles, Ill., USA; coumarin dye, absorption maximum
440 nm) coupled to a Leica DMLB microscope (Leica, Wetzlar,
Germany) via glassﬁber optics was used. Each embryo was irradiated
5×1 min (at 10 Hz) with 2-min intervals in between.
Antibody staining
To visualize microtubules we used the monoclonal antibody T9026
(Sigma, Heidelberg, Germany; dilution 1:400) essentially as described
in Schulze and Schierenberg (2008).
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Polarized cells form interphase MT caps
In an earlier paper (Schulze and Schierenberg, 2008) we analyzed
selected aspects of early embryogenesis in R. culicivorax including
the establishment of polarity and the segregation of colored
cytoplasm into a speciﬁc somatic founder cell and its descendants
(Figs. 2A–D). This demonstrated already profound differences to C.
elegans.
Using Nomarski optics we now show that during the ﬁrst cleavage
steps prominent granula-free anterior regions form in the somatic
blastomeres P0, S1, S1a and S1p (Figs. 2E–G; blue arrowheads) and to
a lesser degree also in S1pp (Fig. 2H; for each cell nN20). This cell
behavior indicates a polarization and precedes division of the
affected cells into daughters of different size and fate (with the
exception of S1a, see Discussion). In contrast, in germline cells
despite asymmetric divisions such blank regions were either absent
or inconspicuous (Figs. 2F–H). To better understand the basis of this
visible polarization we applied antibodies against cytoskletal com-
ponents and identiﬁed cortical MT caps in the granule-depleted areas
of early somatic and in germline cells (Figs. 2I–L; white arrowheads).
Our analysis of more than 50 early embryos revealed that these
peripheral MT structures are present during interphase but absentFig. 2. Cellular events during early cleavage of R. culicivorax. A–D, brightﬁeld (BF) of 1–7 cell s
distribution of cytoplasmic granules; I–L, same stages as A–D, LSMmicroscopy; anti-tubulin st
focus; L, asymmetric position of mitotic spindle in P2; M, formation of polar body and meioti
stage, prophase,MTassembling at centrosomes, corticalMTcap absent.White arrows, polar b
arrowheads, cortical MT caps; yellow arrowheads, centrosomal regions; purple arrowheads,during mitosis. However, during a transition phase MT caps are seen
concomitantly with small perinuclear MT foci (Figs. 2I, K, N; yellow
arrowheads) as initiation sites of mitotic spindles. This indicates that
two separate MTOC exist in these cells which alternating recruit MT
in a cell cycle-dependent manner. The MT cap in P0 forms before
pronuclear fusion (Fig. 2I) but after polar body extrusion (Fig. 2M).
The polar view onto tubulin-marked 2-cell stages reveals a ring-like
structure from which ﬁbers extend uniformly and circumferentially
along the cortex (Fig. 2O). We observed the same structures in two
other mermithid species (Romanomermis iyengari and Strelkovimer-
mis spiculatus) but neither in C. elegans nor in nematodes from
several other clades. It remains to be determined whether this
phenomenon is restricted to mermithids or is also found in other
representatives of Enoplea.
With the ﬁrst division of the zygote P0 the P1 daughter forms at the
pole opposite to the MT cap (Figs. 2I, J) suggesting that this may be
caused by the cap at the anterior pole of P0. However, in the 2-cell
stagewhen both blastomeres formMTcaps at opposite poles, in S1 the
areawith the cap gives rise to the smaller S1awhile in P1 the areawith
the cap gives rise to the larger S2 (Figs. 2J, K; for longitudinal spindle
orientation in S1 and P1 and subsequent rhombus formation, see
Schulze and Schierenberg, 2008). Thus, there is no ﬁxed correlation
between position of MT caps, relative sizes of daughter cells and
positioning of the germline.tages, segregation of colored cytoplasm; E–H, same stages as A–D, DIC optics visualizing
ainedMTcaps and centrosome-associatedMT; I, pre-zygote stage, only one pronucleus in
c spindle; F,N,O, 2-cell embryos focused on midbody, centrosomes and MT caps; P, 2-cell
odies; red arrows,mitotic spindle; blue arrowheads, granule-depleted cell regions;white
region of ﬁrst midbody (RFM). Orientation: anterior, left; scale bar, 10 μm.
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C. elegans
We followed embryonic cell divisions up to the beginning of the
“morphogenesis stage” when a ventral indentation visibly separates
the head from the tail region. Up to that stagewe traced a total of more
than 600 cell divisions (Table 1). However, due to limited transpar-
ency we probably missed parts of the last division round in certain
lineage branches. On the other hand, programmed cell deaths
(identiﬁed somewhat later in development) should reduce the
number of surviving cells. We counted 570+/−20 cell nuclei in 3
late morphogenesis stages (variations may be due to limited accuracy
of the method), indicating similar values as found in C. elegans
(Sulston et al., 1983). The incompleteness of the lineage studies
notwithstanding, our data demonstrate prominent differences to C.
elegans. The general scheme of early cell lineages is only comparable in
both species to the extent that asymmetric germline divisions
generate four somatic founder cells (S1–S4; Figs. 3A, B), albeit with
different fates (see below). Four major differences to C. elegans
became particularly obvious in our extended analysis of R. culicivorax.
(i) Formation of an essentially perfect bilateral symmetry from the
very beginning due to divisions with left–right spindle orientation (l–r
divisions); for stepwise approach in C. elegans, see Lahl et al. (2003)
(ii) the splitting of S1 into several distinct subgroups via consecutive
a–p divisions, (iii) a cell lineage of reduced complexity with
predominantlymonoclonal sublineages. (iv) generation of duplicating
rings of cells among neuronal and hypodermal precursors extending
from posterior to anterior.
In C. elegans the daughters of S1 (AB) show a similar early cleavage
pattern and are initially of equal developmental potential but become
moderately different from each other because of speciﬁc inductive
interactions (Schnabel and Priess, 1997). In R. culicivorax, however,
S1a and S1p execute completely different cleavage and differentiation
programs.
Starting from the 4-cell stage (Figs. 2C, G; for details of ﬁrst
cleavage steps, see Schulze and Schierenberg, 2008) S1a divides into
left and right daughters (Figs. 4D, M) like S1a (ABa) and S1p (ABp)
in C. elegans (Figs. 4A, P). However, then S1a descendants perform
two additional divisions with predominantly transverse spindle
orientation, in this way generating eight descendants in a ring-like
arrangement (Figs. 4M–O; 5a, a′). Via a–p divisions of all eight cells
this ring duplicates (Figs. 5b, b′) and later in the same way even four
rings form (Figs. 5c, c′). After that the ordered cell arrangement is
successively lost despite the continuation of a–p divisions (data not
shown). In contrast, S1p generates anterior and posterior daughters
(Figs. 4D, M; C. elegans: l–r daughters, Figs. 4A, P), which again
divide a–p, giving rise to a linear arrangement of S1paa; S1pap;Table 1
Cell numbers and cell fates in R. culicivorax.
Cell name Counted cell numbersa Assumed cell fatesb
S1a 236 Neurons
S1paa 42 ? (mouth region)
S1pap 64 Pharynx+? (neurons)
S1ppa 64 Pharynx
S1ppp 16 Gut
S2l/r vv 32 Body muscles
S2 (remainder) 174 Hypodermis+? (neurons)
S3 32 ]Body muscles
S4 2 ? (somatic gonad)
P4 2 Germline
Total 664
a Determined cell numbers at the beginning of morphogenesis phase (ventral
indentation), Not all cells could be traced to this point; therefore, total cell numbers are
probably higher.
b In cases where no sound fate assignment could be made, likely designations are
given in parentheses.S1ppa and S1ppp (Fig. 4E). S1paa, S1pap and S1ppa each generate
left and right daughters, which give rise to bilateral symmetric cell
clones (Figs. 4F, O). S1ppp is translocated into the interior while
dividing into an anterior and a posterior daughter (Figs. 4i; 6a′;
yellow spheres). Both divide l–r (Fig. 6b′; partly obscured)
establishing bilateral symmetry within this sublineage. S2 (Fig.
4D) and S3 (Fig. 4F) divide into left and right daughters, establish-
ing bilateral symmetry with their ﬁrst division (Figs. 6A–D, a–d).
Early divisions in S2 are similar to those in S1a resulting in a ring-
like arrangement of eight cells (Figs. 4M–O; for details, see below;
for differences to C. elegans, see Figs. 4A–C; P–R).
After S3 and S4 descendants have followed the P4 daughters into
the center of the embryo members of the S1 lineage cover the
complete anterior, and S2 descendants the posterior surface (Figs. 6A–
F, a–f).
Unlike in C. elegans, we found only a single division in the S4
lineage (around the 100 cell stage; Figs. 6a′–d′) as far as we could
observe it (well beyond the 300 cell stage). Only a small number of
programmed cell deaths were identiﬁed during the ﬁrst half of
embryogenesis and no early ones as seen in C. elegans (Sulston et al.,
1983). The second half (“morphogenesis phase”) during which a
worm is shaped looks rather similar to that in other nematodes. While
the R. culicivorax egg is about 50% longer than in C. elegans, the
embryo stretches inside the eggshell to become a slender infective
juvenile that is about ﬁve times longer than the hatching C. elegans
larva.
To investigate whether the prominent cell lineage differences
compared to C. elegans go along with differences in fate assignment,
we analyzed the cell differentiation pattern in R. culicivorax.
Cell fate distribution and tissue formation show little resemblance to C.
elegans
Cell lineage studies in C. elegans (Fig. 3A) and other members of
Chromadorea (Fig. 1) revealed essentially invariant lineages, whereby
typically the descendants of a somatic founder cell contribute to
different tissues (Fig. 3a); (Sulston et al., 1983; Houtfoofd et al., 2003,
2008; Zhao et al., 2008). Although we have not been able to trace all
divisions and cell fates in the R. culicivorax embryo, we could assign
speciﬁc fates tomost cells based on position, cell and nuclear structure
and behavior of blastomeres (Sulston et al., 1983) and found dramatic
differences to C. elegans (Figs. 3a, b; 6a′–f′). The members of the S1a
clone covering the dorsal and lateral part in the anterior embryo (Figs.
6a⁎–f⁎; dark blue spheres) behave uniformly and become small and
numerous with nuclei resembling neuronal cells in C. elegans. Initially,
they cover the surface and only later are they overgrown by
hypodermis (see below). The S1paa descendants are positioned at
the anterior tip of the embryo (Figs. 6a′–f′; grey spheres). As far as we
could observe them (Table 1), they remained on the surface and
appear to contribute to themouth region and/or adjacent hypodermis
(Sulston et al., 1983).
The descendants of two cell cousins in the S1pap lineage (Figs. 3b;
6a′–f′; light blue spheres) occupy an anterior central position on the
ventral side and close the open ring of S1a cells (Figs. 6a⁎–f⁎). They
remained on the surface and seemed to lose contact to the pharynx
primordium, giving no hints that they contribute to this organ; instead
they may become part of the nervous system.
The descendants of the other two cell cousins in the S1pap lineage
together with all descendants of S1ppa (Figs. 3b; 6a′–d′; green
spheres) invaginate and form the pharynx primordium. The behavior
of S1ppa cells was followed in detail making use of optical cross
sections through reconstructed embryos. In contrast to C. elegans
(Sulston et al., 1983), the Romanomermis pharynx precursors form a
furrow during invagination which then is closed on the ventral side,
resulting in a hollow tube (Figs. 6⁎–f⁎) resembling gastrulation and
neurulation processes in other animal systems. On the left and right
Fig. 3. Early embryonic cell lineages and cell fates in three nematode species. A–C, cell lineages. Anterior, dorsal or left sister cells are positioned on left lineage branches. Differences in germ cell positions are due to polarity reversal in P1 (R.c.),
P2 (C. e.) or its absence (A.n.); a–c, lineage tree with cell fates. For code of colored spheres indicating cell fates, see Fig. 4; except black (cell death). For nomenclature distinguishing between cell names (e.g., S1, S2) and cell fates (e.g., AB, EMS),
see Materials and methods. In A. nanus cell fates have not been determined on a cell-by-cell basis. Major fate transformations are visualized by color of lineage branch; a′–c′, pattern of cell differentiation after elimination of P1 (R.c. and A.n.) or
inhibition of germline signaling (C.e.). a, after Sulston et al. (1983); a', after Schnabel et al. (2006); c', after Wiegner and Schierenberg (1999).
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Fig. 4. Cleavage pattern and fate designation in C. elegans and R. culicivorax. Reconstructions of selected early embryonic stages based on 4-Dmicroscopy; total cell numbers in yellow, bottom right. Spheres represent cell nuclei. Connecting bars
mark sister pairs, red bars, S1a descendants; green bars, S1p descendants. Due to limited space only one cell of a sister pair may be named. Orientation: A–I, anterior left; J–R, ventral, top.
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Fig. 5. Formation of rings of cells and intercalation of hypodermal cells in R. culicivorax. A–D, Hypodermis formation, generation of a ring of cells from S2 (A) and repetitive
duplications (B–D) results in successive extension of hypodermis from posterior to anterior; a–c, similar process takes place in neuronal precursors derived from S1a; a′–c′, 3-D
reconstructions of stages shown in A–C and a–c; E, dorsal hypodermis cells arranged in two parallel rows, F, interdigitation of cells, arrows, cells of one row that have remained
together. Color coding for better visualization only. Orientation; dorsal view, anterior, left; scale bar: 10 μm.
16 J. Schulze, E. Schierenberg / Developmental Biology 334 (2009) 10–21side of the pharynx primordium, muscle precursors that are derived
from S2, become localized.
The prominent four descendants of S1ppp inside the embryo (Fig.
6b′; yellow spheres; see above) perform an a–p division (data not
shown) and generate a gut primordium in essentially the sameway as
in C. elegans (von Ehrenstein and Schierenberg, 1980; Sulston et al.,
1983). However, in contrast, here the complete alimentary tract is
derived from S1. Thus, in R. culicivorax S1 not only executes AB-like
fate (S1a; neurons) but also EMS-like fate (S1p; pharynx and gut; Fig.
3b).
S2 descendants arrange themselves in a ring-like conﬁguration
consisting of eight cells (Fig. 4O). Tracing further development
revealed that the two ventral-most members (S2lvv; S2rvv) give
rise to body musculature. Their descendants come to lie adjacent to
the alimentary tract (Figs. 6e⁎, f⁎) and extend from posterior to
anterior. We traced 16 progeny each of these twomuscle founder cells
(Table 1) but they probably pass through one more duplication cycle.
The remaining six S2 descendants form hypodermis (see below).
Members of the S3 clone generate the posterior part of body
muscles (Table 1; Figs. 6a–e, a′–e′).
The fact that we observed only a single division in the S4 lineage
(both daughters remain adjacent to the germline; Figs. 6b′–d′)
suggests that this lineage does not fulﬁll a central role duringembryogenesis. We assigned them fate “F” (Fig. 3b). To obtain a
better idea as to which tissue S4 descendants may contribute, we
laser-ablated S4. Most of suchmanipulated embryos hatched (4/7). As
we could not identify a distinct gonad primordium in such L1 juveniles
S4 may be involved in the formation of the somatic gonad.
Hypodermis is constructed from repetitive cell elements
Three consecutive transverse divisions in the S1a lineage result in
the formation of a ring of cells (Figs. 4M–O) which duplicates along
the a–p axis (Figs. 5a–c, a′–c′). Even more prominently, the same
principle is found during hypodermis formation demonstrating that in
R. culicivorax major parts of the body are constructed from building
blocks consisting of rings of cells. The eight descendants of S2 form a
ring (Figs. 4O; 5A, a′). All of them divide into an anterior and a
posterior daughter, this way forming a second ring (Figs. 5B, b′). The
six dorsal members of each ring contribute to hypodermis, while the
two ventral-most cells give rise to body muscles (Fig. 4L). After
immigration of these muscle precursors in the course of gastrulation,
the process of a–p divisions continues, resulting in four (Figs. 5C, c′)
and then eight rings (Fig. 5D) in this way causing an extension of
epidermal precursors from posterior to anterior. Even beyond this
point, spreading via a–p divisions continues, but cells increasingly
Fig. 6. Selected stages of a R. culicivorax embryo and their 3-D reconstructions. A–F, developing embryo with blastomeres colored according to lineage membership, focused on ventral surface. Note formation, elongation and splitting of
blastopore. a–f, reconstruction of same embryo and same stages as A–F, color coding of cell nuclei according to lineage membership; a′–f′, same reconstruction as a–f, color coding according to cell fate; a⁎–f⁎, reconstructed optical cross
sections, same stages as A–F, ventral, top, color coding according to fate. For color code, see Fig. 4. Orientation (A-f′): anterior, left; right, ventral; scale bar: 10 μm.
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Fig. 7. Cell differentiation of R. culicivorax embryos after ablation of P1. A, formation of
blastopore (white arrow) after immigration of gut precursor cells derived from S1
blastomere; ﬂash, irradiation of P1 cell; B, formation of inner cell layer with central
cavity (white arrow); C, gut-speciﬁc birefringent granules in S1 descendants; D, gut-
speciﬁc autoﬂuorescence in S1 descendants. Orientation: anterior, left; scale bar: 10 μm.
18 J. Schulze, E. Schierenberg / Developmental Biology 334 (2009) 10–21intermingle and therefore distinct rings cannot be identiﬁed anymore.
Eventually, hypodermis reaches the anteriormost region, overgrowing
the layer of neuronal S1a cells (see above). During the hypodermal
extension phase we observed about a dozen S2 descendants leaving
the surface in the area of the ventral midline. As this varies with
respect to which cells immigrate the decision appears to be not
lineage- but position-dependent. The immigrating cells most likely
contribute to the nervous system (ventral nerve cord or ganglia) as we
found no evidence that they add to body muscles. Around the onset of
the morphogenesis phase two parallel rows of compact dorsal
epidermis cells (Fig. 5E) interdigitate, this way transforming into a
single row of long stretched cells (Fig. 5F), similar to what has been
observed in C. elegans (Sulston et al., 1983). We found that this
interdigitation does not necessarily proceed with alternating left and
right cells, but rather two neighboring cells from one side may stay
together (Fig. 5F).
Cell ablation experiments do not reveal induction or regulation
In the nematode Acrobeloides nanus (clade 11, Fig. 1) we had found
that after elimination of P1 the differentiation program of S1 is altered
such that like in R. culicivorax AB plus EMS cell fates are executed
(Figs. 3c, c′). In addition, after ablation of somatic founder cells these
are replaced in a hierarchical manner (Wiegner and Schierenberg,
1999). To determine whether the cell differentiation pattern in R.
culicivorax also depends on germline signaling we ablated P1 (nN25).
Nevertheless, in the remaining S1 besides neuronal fate we identiﬁed
pharyngeal and intestinal differentiation (Figs. 3b′, 7), giving no hint
for a requirement of germline induction. To check for potential
regulation S1, S1a, S1p, S2 or S3 were ablated (for each cell, nN11). No
cell replacement was observed, embryos failed to develop normally
and arrested without entering proper morphogenesis. Hence, in these
experiments R. culicivorax behaved similar to C. elegans and unlike
A. nanus with respect to regulation.
Discussion
MT caps
Anti-tubulin staining revealed cap-like MT structures in early
interphase blastomeres of R. culicivorax. As these prominent struc-
tures can be seen in parallel to centrosome-associated MT during a
transition phase (Figs. 2I, K, N; yellow arrowheads), apparently twoMTOCs exist, which alternatively recruit MT during interphase and
mitosis, respectively. To our knowledge such a phenomenon has
neither been described in nematodes nor any other system so far.
These caps distantly resemble structures in parasitic protozoa where
an apical polar ring is present together with spindle MT (Dyson et al.,
1994; Kuriyama et al., 2005) and the polar concentration of MT in
Drosophila oocytes (Theuerkauf et al., 1992) in conjunction with the
asymmetric distribution of cytoplasmic components along the a–p
axis (Steinhauer und Kalderon, 2006).
Early cleavage in R. culicivorax differs from C. elegans in that the
ﬁrst cleavage generates two cells of equal size even though with
different cytoplasmic composition (Fig. 2B) and fate (Fig. 3b). Before
pronuclear fusion the presence of a cortical MT cap demonstrates cell
polarization (Fig. 2I). In the 2-cell stage, MTcaps form in both cells but
at opposite poles (Fig. 2J). This pattern is difﬁcult to explain with a
global a–p polarity as found in C. elegans (for review, see Gönzcy and
Rose, 2005). As the ablation of the RFM (region of ﬁrst midbody)
abolishes the potential to cleave asymmetrically (Schulze and
Schierenberg, 2008) this region may thus be responsible for the
localization of the newly identiﬁed MTcaps. This view is supported by
the following observation. While in S1 and P1 the MT caps occupy
opposite positions corresponding to the orientation of the P0 cleavage
spindle (Fig. 2J), this scheme is not followed in the sister cell pairs of
the 4-cell stage. Instead, MT caps in the non-sister cells S1p and P2 are
located perfectly opposite to each other (Fig. 2K; white arrowheads).
This pattern is consistent with the view that MT caps form at a
maximal distance from the RFM (Figs. 2J, K; purple arrowheads). As
the asymmetric placement of the mitotic spindle in P1 (Schulze and
Schierenberg, 2008) and P2 (Fig. 2L) also correlates with the position
of the RFM, this region seems to fulﬁll a dual function during
consecutive cell cycles. On the one hand, it appears to serve as a center
of spindle attraction (supported by the loss of asymmetric cleavages
after irradiation); (Schulze and Schierenberg, 2008) and, on the other
hand, as a means for the localization of cortical MT caps. A separate
explanation is needed for the MT cap in S1a, which has no direct
contact to the RFM. Here polarisation of the mother cell may be
perpetuated over more than one cell generation, despite transverse
cleavage. Such a phenomenon was found also in the descendants of
the S1 (AB) cell in C. elegans (Hutter and Schnabel, 1995), which in
many respects behaves like S1a in R. culicivorax. It appears likely that
the MT caps are involved in the asymmetric distribution of
cytoplasmic components resulting in daughter cells with different
developmental potential. Our cell ablation experiments giving no
hints for germline induction (Figs. 3b′, 7) may be a ﬁrst indication that
in R. culicivorax and C. elegans different mechanisms of early cell
speciﬁcation prevail.
To learn more about the structure and function of the MT caps we
have started to study early embryos on the EM level. Another
approach could be the analysis of development after experimental
depolymerization of the interphase MT. We showed earlier that pulse
treatment with an inhibitor or low temperature causes depolymeriza-
tion of MT in C. elegans embryos without permanently preventing cell
division (Schlicht and Schierenberg, 1991).
Cell lineage and cell fate
Previous studies revealed that representatives of clades 3–12 share
an early embryonic cleavage pattern, where in a series of asymmetric
divisions of the germline a small number of somatic founder cells are
generated with a predominantly early ﬁxation of cell fates (see
introduction). In contrast, in representatives of clade 1 (e.g. Enoplus
brevis, Tobrilus diversipapillatus; Fig. 1), no early asymmetric cleavages
were detected (Malakhov, 1994; Schierenberg, 2005) and cell
speciﬁcation appears to be postponed and variable (Voronov and
Panchin, 1998; Voronov 1999). Thus, it seems worthwhile to
determine how a representative of clade 2 behaves in this respect.
Fig. 8. Different order of founder cells but same order of cell fates along the a–p axis in
three nematode species. Rearrangement of blastomeres in A. nanus (red arrows) leads
secondarily to same sequence of founder cells as in C. elegans (black arrow). Different
order of founder cells in R. culicivorax is balanced by modiﬁed fate assignments. Colors
indicate cell fates. Blue, “AB-like” (i.e., neurons+pharynx); orange, “EMS-like” (i.e.,
alimentary tract); green, “C-like” (i.e., hypodermis+neurons); purple, “D-like” (i.e.,
body muscles); black, not determined (see Discussion); red, primordial germ cells.
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cell lineage is absent, too (Borgonie et al., 2000). This, however, differs
from the description by Drozdovskiy (1967) on Prionchulus sp. (Fig. 1)
and our initial unpublished studies in several species of clade 2, albeit
in some cases asymmetric cleavages are initially concealed.
In contrast to all other nematodes analyzed so far, in R. culicivorax
in the S1 lineage a series of a–p cleavages leads to the formation of
several founder cells which form distinct bilateral symmetric clones
and execute different fates (Figs. 4G–L; 6a′–d′).
Hox genesmay be likely candidates involved in this process as they
have been shown to be responsible for cell speciﬁcation along the
main body axis in many animal systems (Carroll, 1995; Ryan and
Baxevanis, 2007; Nielsen, 2008). However, in the nematodes studied
so far, Hox genes are neither conserved nor arranged in a cluster. In
addition, gene loss and rapid sequence evolution have occurred, with
the most derived state observed in C. elegans (Aboobaker und Blaxter,
2003a, b). As in C. elegans expression of Hox genes is not position- but
lineage-dependent (Cowing and Kenyon, 1996), it appears attractive
to study their number, structure and expression in an ancestral
nematode like R. culicivorax.
It has been shown earlier that in nematodes of clades 1 and 2 (Fig.
1) the gut is (or at least can be) derived from S1 (Malakhov, 1994;
Voronov and Panchin,1998; Voronov,1999; Schulze and Schierenberg,
2008; our unpublished results); rather than S2 as found in more
recently diverged species (clades 6–12), (Boveri, 1899; Müller, 1903;
Sulston et al., 1983; Skiba and Schierenberg, 1992; Wiegner and
Schierenberg, 1998; Lahl et al., 2003, 2009; Houthoofd et al., 2006,
2008; Zhao et al., 2008). Our cell lineage analysis in R. culicivorax
uncovered additional massive fate transformations (Fig. 3b).
S1p in R. culicivorax shows similarities to S2 (EMS) in C. elegans in
that it divides a–p, its daughters express different cell cycle rhythms
and they contribute to pharynx and gut.
S2 in R. culicivorax behaves similarly to S3 (C) in C. elegans. Both
contribute to hypodermis and body musculature, albeit in different
ways and proportions (Sulston et al., 1983). Finally, S3 in R. culicivorax
generates body muscles and thus behaves like S4 (D) in C. elegans.
In summary, a global shift in fate assignment seems to have taken
place such that S1(AB+EMS) in R. culicivorax corresponds to S1(AB)
+S2(EMS) in C. elegans. In an analogous way this shift applies to the
following founder cells as well, leaving S4 in R. culicivorax (fate “F”)
with no equivalent in C. elegans. Surprisingly, we observed only a
single division in the S4 lineage. Due to this, its dispensability for
successful embryogenesis (see above) and the close association of S4
descendants with the daughters of the primordial germ cell P4, we
speculate that S4 may generate the somatic gonad, which in C. elegans
also consists of only two cells at hatching but comes from the S2a
(MS) lineage (Sulston et al., 1983).
Despite considerable developmental differences including a
modiﬁed order of founder cells along the a–p axis, in all three species
considered here the order of cell fates executed by the founder cells
remains the same (Fig. 8) and hence appears to be important for
proper embryogenesis. This view is supported by the active
rearrangement of blastomeres in A. nanus to reach this order (Skiba
and Schierenberg, 1992) and the observation that a direct neighbor-
hood of gut primordium and germline is reached in all early nematode
species where these two fates could be identiﬁed. As this speciﬁc
neighborhood has been found in many other organisms as well it
seems to be essential for normal development (Wylie, 1999).
Monoclonal vs. polyclonal cell lineages
With respect to cell fate distribution we found an obvious general
difference between C. elegans and R. culicivorax. While in the former at
a stage of about 50 cells most of them will still contribute to different
tissue types (Fig. 3a), in the latter blastomeres as a rule appear to
execute only a single fate (Fig. 3b). Hence, early cell lineages arepredominantly polyclonal in the one species and mainly monoclonal
in the other. An extreme case is constituted by the S1a branch which
seems to be monoclonal (neurons) from the very beginning.
The fact that R. culicivorax is a basally diverged representative of
nematodes does not in itself justify the assumption that the
monoclonal lineage type is more plesiomorphic than the highly
polyclonal lineage found in C. elegans. However, indirect evidence
supports this notion. In C. elegans an isolated S1 (AB) cell in a mutant
background that prevents inductions generates only descendants of a
single tissue type (Fig. 3a′), (Schnabel et al., 2006) comparable to S1a
in R. culicivorax. This suggests that the central mechanism leading to
polyclonal lineages is cell–cell signaling. The potential of S1p to
execute an EMS-like fate is not only found in R. culicivorax but can be
experimentally induced in A. nanus (clade 11; Fig. 1) as well when P1
is eliminated (Fig. 3c′), (Wiegner and Schierenberg, 1999). This may
be interpreted as an atavism, where a program for cell fate assignment
seemingly restricted to ancestral clades is still present in a more
recently diverged representative but needs to be activated via removal
of suppressing conditions.
Based on the modeling of cell lineage complexity in three
nematode species with a pattern similar to that in C. elegans, Azevedo
et al. (2005) concluded that there simplicity is close to the maximum
taking into account necessary cell interactions. Looking at the less
complex lineage in R. culicivorax we expect the number of embryonic
inductions to be lower than in C. elegans (Priess, 2005; Eisenmann,
2005). However, certain peculiarities in cell fate assignment in R.
culicivorax suggest that embryonic inductions are not completely
absent in this species. For instance in the S2 lineage out of the eight
cells forming a ring (Fig. 4O), six are hypodermis precursors while the
two ventral-most blastomeres (grand-cousins) generate body mus-
cles (Fig. 4L). These two are the only S2 descendants with contact to
the germline. In addition, on the ventral side of the embryo members
of the S2 lineage leave the surface and probably contribute to the
nervous system. The observed variability is best explained with
position-dependent inductions.
Both strategies, polyclonal and monoclonal, have their advantages.
Particularly, when low cell numbers and rapid development are an
issue, polyclonal development with an invariant cell lineage may not
only be advantageous but even mandatory. In addition, subdivision of
the lineage into many small modules offers increased options for
evolutionary modiﬁcations (ﬁne-tuning). On the other hand, induc-
tions resulting in polyclonal lineages require a program for the tight
control of cell behavior in time and space prone to perturbations.
Thus, a polyclonal strategy offers more ﬂexibility during phylogeny
but less during ontogeny.
It has been argued that differences in the lineage pattern reﬂect
different compromises between a simple (monoclonal) lineage, on the
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complex (polyclonal) lineage with a minimum of necessary cell
rearrangements (Stent, 1985; Houthoofd et al., 2003). While under
this aspect C. elegans and R. culicivorax represent rather opposite
extremes, both express aspects of each lineage type.
Repetitive cell elements and segmentation
According to the Ecdysozoa hypothesis, nematodes are a neighbor-
ing taxon to arthropods (Aguinaldo et al., 1997). Nielsen (2003)
suggested that this taxon secondarily lost its originally segmented
body. If this is right, it may be worthwhile to search for remnants of
segmentation in ancestrally diverged nematodes despite the strongly
derived body plan which is probably related to their reduced size and
cell number. If Nielsen's assumption is not correct, we may never-
theless ﬁnd indications for a prepattern which later evolved into
segmentation.
In the C. elegans embryo and other well-analyzed nematodes like P.
marina (clade 9; Fig. 1) repetitive cell units in the gut and part of the
hypodermis can be observed (Sulston et al., 1983; Houthoofd et al.,
2003), which, however, are not necessarily formed bymembers of the
same lineage branch. More prominent are the ring structures in R.
culicivorax duplicating along the a–p body axis, particularly obvious in
the hypodermis (Fig. 5). This phenomenon represents the closest
similarity to segmentation in nematodes found so far. As to date, this
bears just a resemblance it needs to be investigated whether it can be
compared, for instance, to row formation preceding segmentation in
the germ band of malacostracan crustaceans (Scholz and Dohle, 1996)
or to the terminal addition of segments in the posterior growth zone
of short germ insects. A straightforward approach could be the search
for and expression of orthologs of segmentation genes conserved
during evolution (Damen, 2007). In addition, one could look for
repetitive elements in embryos of clade 1 nematodes (Fig. 1) and
compare these on a cellular and molecular level with other closely
related Ecdysozoa like nematomorphs (Malakhov, 1994) or tardi-
grades (Hejnol and Schnabel, 2005; Gabriel et al., 2007). But even if
segmentation and the observed ring formation in R. culicivorax cannot
be traced back to a common origin, it would be interesting in itself to
better understand how generation and multiplication of these circular
building blocks are controlled and what changes with respect to these
took place during nematode evolution.
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